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Taiji, a space-based gravitational-wave observatory, consists of three satellites forming an equi-
lateral triangle with arm length of 3× 106 km, orbiting around the Sun. Taiji is able to observe the
gravitational-wave standard siren events of massive black hole binary (MBHB) merger, which is help-
ful in probing the expansion of the universe. In this paper, we preliminarily forecast the capability
of Taiji for improving cosmological parameter estimation with the gravitational-wave standard siren
data. We simulate five-year standard siren data based on three fiducial cosmological models and
three models of MBHB’s formation and growth. It is found that the standard siren data from Taiji
can effectively break the cosmological parameter degeneracies generated by the cosmic microwave
background (CMB) anisotropies data, especially for dynamical dark energy models. The constraints
on cosmological parameters are significantly improved by the data combination CMB+Taiji, com-
pared to the CMB data alone. Compared to the current optical cosmological observations, Taiji
can still provide help in improving the cosmological parameter estimation to some extent. In addi-
tion, we consider an ideal scenario to investigate the potential of Taiji on constraining cosmological
parameters. We conclude that the standard sirens of MBHB from Taiji will become a powerful
cosmological probe in the future.
Keywords: Taiji, space-based gravitational-wave observatory, standard sirens, cosmological parameter esti-
mation, dark energy
I. INTRODUCTION
After decades of development, the study of cosmol-
ogy has entered the era of “precision cosmology”. In
order to answer the core questions of the modern cos-
mology, it is important to precisely measure the cosmo-
logical parameters. The observation of cosmic microwave
background (CMB) anisotropies from the Planck satellite
mission strongly favors a base six-parameter Λ cold dark
matter (ΛCDM) model that has been usually viewed as
the standard model of cosmology. However, some cracks
have recently appeared in the ΛCDM model. Namely,
there appear some tensions between the Planck results
(based on the ΛCDM model) and other low-redshift as-
trophysical observations, among which the most promi-
nent one is the Hubble constant tension. The Hubble
constant tension between the Planck fit value [1] and the
Cepheid-supernova distance ladder measurement value
[2] is now at about the 4.4σ level. Some extended cosmo-
logical models considering new physics beyond the stan-
dard ΛCDM cosmology have been proposed to resolve
the Hubble tension, but actually no one can truly resolve
the tension [3].
In fact, the Planck CMB data alone can only measure
the base parameters at high precision for the base ΛCDM
model, and when the model is extended to include new
parameters the Planck data alone cannot provide pre-
cise measurements for them. Therefore, low-redshift cos-
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mological probes, such as the baryon acoustic oscillation
(BAO) observation and the type Ia supernova (SN) ob-
servation, are needed to combine with the CMB data to
break the cosmological parameter degeneracies.
So far, almost all the cosmological probes are based
on the electromagnetic (EM) observations. However, re-
cently, the detections of gravitational wave (GW) signals
from the compact binary merger events have opened a
new window to observe the universe. In particular, the
first detection of the GW from the binary neutron star
(BNS) merger, i.e. GW170817, initiated the new era of
multi-messenger astronomy, which provides a new pos-
sibility to explore the universe with the combination of
GW and EM observations. GWs can serve as “standard
sirens” [4, 5], because the waveform of GW carries the
information of the absolute luminosity distance to the
source. If the redshift of the EM counterpart of the GW
source can be determined, then a distance-redshift rela-
tion can be established and it can be used to probe the ex-
pansion history of the universe. The event of GW170817
has been employed to independently measure the Hubble
constant, and it has been shown that the result accom-
modates the results of Planck and SH0ES (Supernovae
H0 for the Equation of State) [6].
A series of recent works indicate that the next-
generation ground-based GW detectors can provide lots
of standard siren data coming from BNS merger events,
which can be used to constrain cosmological parameters
at high precision, and thus in the future the standard
sirens would be developed into a powerful new cosmolog-
ical probe [7–19]. In particular, the GW standard sirens
can play a significant role in breaking the cosmologi-
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2cal parameter degeneracies generated by the current EM
cosmological observations [14–19]. Furthermore, space-
based GW detectors have also been developed, and the
inspiral and merger of massive black hole binary (MBHB)
detected by them may offer a unique sample of standard
sirens at high redshifts [20].
The Laser Interferometer Space Antenna (LISA,
http://lisa.nasa.gov/), a space-based GW observatory,
aims at detecting GW signals within mHz range (i.e.
10−4 Hz to 1 Hz). LISA has three satellites forming an
equilateral triangle with arm length of 2.5× 106 km [21].
This constellation orbits around the Sun at the ecliptic
plane behind the Earth.
Similarly, Taiji is a space-based GW observatory pro-
posed by the Chinese Academy of Sciences. Taiji also
consists of a triangle of three satellites but with arm
length of 3 × 106 km [22, 23]. Thus, Taiji is more sensi-
tive to low-frequency ranges. Besides, Taiji precedes the
Earth in the heliocentric orbit, leading to a LISA-Taiji
network, which can significantly improve the measure-
ment precision of sky location [24]. Some other stud-
ies about Taiji have also been conducted in Refs. [25–
27]. Nevertheless, the forecast for the capability of
Taiji in the future cosmological parameter estimation
has never been seriously studied. Similar issues concern-
ing LISA and TianQin [28–33] have been investigated
in Refs. [20, 34, 35]. Therefore, in this paper, we make
a forecast for the prospects of Taiji in cosmological pa-
rameter estimation by using the simulated standard siren
data. We first investigate the capability of constraining
cosmological parameters with the standard siren data
from Taiji alone. Then we combine the standard siren
data from Taiji with other EM cosmological probes to
study its effect to break the degeneracies between the cos-
mological parameters. In addition, we investigate what
precision Taiji may achieve if ignoring the redshift error.
Throughout this paper, we adopt the units of c = G = 1.
II. METHODS AND DATA
A. Configuration of Taiji
The GW signal from the inspiral of non-spinning
MBHB can be modeled by the restricted post-Newtonian
(PN) waveform. The strain h(t) measured by a
Michelson-type interferometer thus consists of two po-
larization amplitudes h+(t) and h×(t),
h(t) = F+(t; θ, φ, ψ)h+(t) + F×(t; θ, φ, ψ)h×(t), (1)
where F+,× are the antenna pattern functions, (θ, φ) de-
note the zenith angle and the azimuthal angle of the
source relative to the Sun, and ψ is the polarization angle
of GW. The antenna pattern functions can be written as
F
(1)
+ (t) =
1
2
(
cos(2ψ)D+(t)− sin(2ψ)D×(t)
)
, (2)
F
(1)
× (t) =
1
2
(
sin(2ψ)D+(t) + cos(2ψ)D×(t)
)
. (3)
The specific configuration of the GW detector deter-
mines the forms of D+,× that generally depend on the
GW frequency. For the inspiral process, we use the low-
frequency approximation given in Ref. [24],
D+(t) =
√
3
64
[
− 36sin2θ sin(2α(t)− 2β)+ (3 + cos(2θ)) (cos(2φ)(9 sin(2β)− sin(4α(t)− 2β))+ sin(2φ)
×
(
cos
(
4α(t)− 2β)− 9 cos(2β))) − 4√3sin(2θ)(sin(3α(t)− 2β − φ)− 3sin(α(t)− 2β + φ))] , (4)
D×(t) =
1
16
[√
3cosθ
(
9cos(2φ− 2β)− cos(4α(t)− 2β − 2φ))− 6sinθ(cos(3α(t)− 2β − φ)+ 3cos(α(t)
−2β + φ))] , (5)
where α = 2pifmt + κ is the orbital phase of the guid-
ing center, and β = 2pin/3 (n = 0, 1, 2) is the relative
phase of three spacecrafts. Here κ is the initial ecliptic
longitude of the guiding center and fm = 1/yr.
Taiji can be equivalently considered as a combination
of two independent interferometers with an azimuthal
difference of pi/4 [36]. Thus another equivalent antenna
pattern function is
F
(2)
+,×(t; θ, φ, ψ) = F
(1)
+,×(t; θ, φ−
pi
4
, ψ). (6)
The Fourier transform in frequency-domain of the strain
in Eq. (1) can be obtained by using the stationary phase
approximation,
h˜(f) = −
(
5pi
24
)1/2
M5/6c
[
(pif)−7/6
Deff
]
e−iΨ. (7)
In this paper, “∼” above a function denotes the Fourier
transform of the function. Mc = (1 + z)η
3/5M is the
observed chirp mass, M = m1 + m2 is the total mass
and η = m1m2/M
2 is the symmetric mass ratio. The
definition of the function Ψ can be found in Ref. [37].
3The effective luminosity distance to the source Deff is
given by
Deff = dL
[
F 2+
(
1 + cos2ι
2
)2
+ F 2×cos
2ι
]−1/2
, (8)
where dL is the absolute luminosity distance to the source
and ι is the inclination angle between the orbital angular
momentum axis of the binary and the line of sight.
To study the signal in the Fourier space, we should
denote time in terms of frequency observed on the Earth
using the function [38, 39]
t(f) = tc − 5
256
M−5/3c (pif)
−8/3, (9)
where tc is the coalescence time of MBHB. In our analy-
sis, we only consider the leading term [24] and set tc = 0.
The combined signal-to-noise ratio (SNR) for the net-
work of two equivalent independent interferometers is
ρ =
√√√√ 2∑
i=1
(ρ(i))2, (10)
where ρ(i) =
√
(h(i)|h(i)), with the inner product being
defined as
(a|b) ≡ 4
∫ fmax
fmin
a˜(f)b˜∗(f) + a˜∗(f)b˜(f)
2
df
Sn(f)
, (11)
where Sn(f) is the one-sided noise power spectral den-
sity. We have limited the integral within [fmin, fmax]
for simplicity of calculation. For Taiji, Sn(f) is adopted
from Ref. [26], the lower and upper cutoff frequencies
are chosen to be fmin = 10
−4 Hz and fmax = c/2piL '
0.05GmL Hz [11] with L being the arm length of Taiji, and
the SNR threshold is 8 for a detection.
B. Property of GW source
The unclear birth mechanisms of MBHB lead to the
uncertainties in predicting the event rate of MBHB.
Based on a semi-analytical galaxy formation model, three
MBHB models defined by various combinations of mech-
anism of seeding and delay are presented in Ref. [40].
(1) Model pop III: This model assumes that light MBH
seeds from pop III star and there are delays between
MBH merger and host galaxy coalescence.
(2) Model Q3d: In this model, MBH is assumed to seed
from the collapse of protogalactic disks. As in the
pop III model, the delays between MBH merger and
host galaxy coalescence are also considered.
(3) Model Q3nod: This model assumes the same seed
of MBH as model Q3d, but it ignores the delays.
Compared to the first two realistic and conservative
scenarios, this is a relatively optimistic scenario.
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FIG. 1. The sensitivity curves of Taiji (solid) and LISA with
the configuration N2A2M5L6 (dashed). Taiji shows similar
behaviour with LISA, with a better performance at low fre-
quencies.
Taiji is very similar to the configuration N2A2M5L6
of LISA, as can be seen from their sensitivity curves
in Fig. 1. Therefore, we assume that the Taiji’s detec-
tion rates of MBHBs are identical to those of the LISA.
This assumption is reasonable for a preliminary estimate
considering the huge uncertainties in MBHB. We select
the detection rates and the redshift distribution from
Ref. [41] for a five-year lifetime of Taiji. For the pop
III, Q3d, and Q3nod models, we consider 28, 27, and
41 standard siren events, respectively. Without loss of
generality, we evenly sample the black hole’s mass, the
position angles (θ, φ), the polarization angle ψ, and the
inclination angle ι in the five parameter intervals: [104,
107] M, [0, pi], [0, 2pi], [0, pi], and [0, pi], respectively,
where M is the solar mass.
C. Method of constraining cosmological parameters
The Fisher matrix can be used to propagate the errors
between different parameters. In this paper, we focus on
how the measurement errors of the luminosity distance
are propagated to the constraint errors of the cosmolog-
ical parameters. For a cosmological model with parame-
ters θi, the entries of the Fisher matrix are defined as
Fij =
∑
n
1
σ2dL(zn)
∂dL(zn)
∂θi
∣∣∣∣
fid
∂dL(zn)
∂θj
∣∣∣∣
fid
, (12)
where the sum is over all MBHB merger events, zn is
the redshift of the nth GW event, and the derivatives
of dL are evaluated at the fiducial values of cosmological
models. In order to clearly compare different constraints
in the same parameter plane, we set the best-fit values
4of CMB+BAO+SN as the fiducial values to simulate the
standard siren data.
The measurement error of luminosity distance σdL in
our work consists of the following aspects.
(1) Instrumental error: By applying the Fisher matrix to
the GW waveform and assuming that dL is indepen-
dent of other parameters, the instrumental error on
the measurement of luminosity distance is [20, 31]
σinstdL '
dL
ρ
. (13)
It should be noted that this estimate is relatively op-
timistic, since there is a strong correlation between
dL and ι in the real analysis [42–44]. In this work, we
assume that ι could be measured precisely in the fu-
ture by GW detector networks and EM observations,
thus breaking the distance-inclination degeneracy.
(2) Weak-lensing error: The main systematic error at
high redshift comes from weak lensing. For the fitting
formula of weak-lensing error, we adopt the form in
Ref. [20],
σlensdL (z) = dL(z)× 0.066
[
1− (1 + z)−0.25
0.25
]1.8
. (14)
Notice that we consider a de-lensing factor of two in
our simulation for an optimistic forecast.
(3) Peculiar velocity error: The error due to the peculiar
velocity of the source should also be included [45],
σpvdL(z) = dL(z)×
[
1 +
(1 + z)
H(z)dL(z)
]√
〈v2〉, (15)
where H(z) is the Hubble parameter and we roughly
set the peculiar velocity of the source with respect to
the Hubble flow
√〈v2〉 = 500 km s−1.
(4) Redshift error: The process of measuring the red-
shift of a GW source with optical probes also
produces error. This error could be ignored if
the redshift is measured spectroscopically, but it
should be taken into account when using photo-
metric redshift for the distant source. For the
latter, we estimate the error on the redshift as
(∆z)n ' 0.03(1 + zn) [46] and propagate it to the
error on dL. As indicated by the analysis in Refs.
[20, 40], the flares and jets of MBHBs could be
most detected by the Square Kilometre Array (SKA,
http://www.skatelescope.org) and the redshifts of
sources could be measured by the optical/infrared
facilities like the Extremely Large Telescope (ELT,
http://www.eso.org/sci/facilities/eelt/). Whether
an event is measured spectroscopically or photomet-
rically is determined by the apparent magnitude of
host galaxy relative to the threshold of ELT [47].
Since Taiji is similar to LISA and the redshift mea-
surements mainly depend on EM observations, we as-
sume the numbers of photometric observation events
of Taiji to be consistent with those of LISA in
Ref. [20]. For the pop III, Q3d, and Q3nod models,
we consider 17, 14, and 25 photometric observation
events, respectively.
Notice that the distributions of the locations and
masses of MBHBs adopted in Sec. II B are a preliminary
estimate. In principle, the mass functions for MBHBs
may depend on the three MBHB evolution models [40],
and both cos θ and cos ι should distribute evenly from −1
to 1 for an isotropic distribution of GW sources [9]. How-
ever, for the MBHB standard sirens up to high-redshift,
the dominating contributions to the total uncertainties of
dL are from the weak-lensing error and the redshift error,
whereas the location and mass of an MBHB mainly affect
the instrumental error of dL. It is expected that the dis-
tribution functions of GW sources’ masses and locations
would not make much difference to our major results.
To show the redshift distributions and total measure-
ment errors of standard siren events for the three MBHB
models, we plot the simulated data of Taiji based on the
ΛCDM model in Fig. 2.
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FIG. 2. The simulated standard siren events of Taiji based on
the ΛCDM model. The redshift distributions and measure-
ment errors of standard siren events are shown in the figure.
Three MBHB models are denoted by different colors, i.e. red
(pop III), orange (Q3d), and blue (Q3nod).
In order to get the necessary statistics, for each selected
combination of MBHB model and cosmological model, we
construct 1000 catalogs to calculate the mean errors of
cosmological parameters using Fisher matrix. The cata-
log that gives the errors closest to the mean errors is se-
lected as a representative. This representative GW data
set is used to infer the posterior probability distributions
of cosmological parameters by the Markov-chain Monte
Carlo analysis [48]. For the GW standard siren measure-
ment with n simulated data points, we can write its χ2
5as
χ2GW =
∑
n
[
d¯L(zn)− dL(zn; θi)
σ¯dL(zn)
]2
, (16)
where d¯L(zn) and σ¯dL(zn) are the nth luminosity distance
and the error of luminosity distance, respectively, from
the simulated GW data.
D. Cosmological models and electromagnetic
observational data
For a dark energy with the equation of state (EoS)
w(z) = pde(z)/ρde(z), the Hubble parameter H(z) can
be given by the Friedmann equation,
H2(z) = H20
{
(1− Ωm) exp
[
3
∫ z
0
1 + w(z′)
1 + z′
dz′
]
+ Ωm(1 + z)
3
}
, (17)
and the luminosity distance is given by
dL(z) = (1 + z)
∫ z
0
dz′
H(z′)
. (18)
Here H0 = 100h km s
−1 Mpc−1 is the Hubble constant
and Ωm is the current matter density parameter.
In this work, we consider three cosmological models:
(i) ΛCDM model: the standard cosmological model, in
which dark energy is described by a cosmological con-
stant Λ with w(z) = −1; (ii) wCDM model: the sim-
plest dynamical dark energy model, in which the EoS of
dark energy is fixed to be a constant, i.e. w(z) = w;
(iii) Chevallier–Polarski–Linder (CPL) model: the pa-
rameterized dynamical dark energy model with w(z) =
w0 + waz/(1 + z) [49, 50].
For the EM observational data, we consider CMB,
BAO, and SN in this work. For the CMB observation, we
use the “Planck distance priors” derived from the Planck
2018 data release [51], instead of the full power spectra
data from Planck. For the BAO data, we consider the
measurements from 6dFGS at zeff = 0.106 [52], SDSS-
MGS at zeff = 0.15 [53], and BOSS-DR12 at zeff = 0.38,
0.51, and 0.61 [54]. For the SN data, we use the latest
sample from the Pantheon compilation [55].
III. RESULTS AND DISCUSSIONS
We consider three fiducial cosmological models de-
scribed in Sec. II D, and for each of them we consider
three MBHB models described in Sec. II B. The results of
these cases with some relevant discussions are displayed
in this section. We first report the constraint results from
the standard siren data of Taiji alone, and then combine
these data with the EM observations.
A. Standard sirens alone
In this subsection, we will first use the simulated stan-
dard siren data from Taiji alone to constrain cosmologi-
cal parameters, and then briefly discuss the comparison
among different space-based GW detectors. The results
are given in the sixth column of Table I. In the table,
we list the standard 1σ error σ(ξ) for every cosmological
parameter ξ, and the three values in a cell represent dif-
ferent MBHB models. Here, σ(ξ) is the absolute error,
and we also use the relative error ε(ξ) = σ(ξ)/ξ in the
following discussions.
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FIG. 3. Two-dimensional marginalized contours (68.3% and
95.4% confidence level) in the Ωm–H0 plane for the ΛCDM
model, by using the Taiji data alone. Three MBHB models
are denoted by different colors, i.e. grey (Q3d), red (pop III),
and blue (Q3nod).
We find that the constraints of cosmological parame-
ters based on the Q3nod MBHB model are always the
best for all the cosmological models. The reason is ob-
vious, i.e., the predicted event number in the Q3nod
model is maximal among the three MBHB models. In
Fig. 3, we show the marginalized posterior probability
distribution contours in the Ωm–H0 plane for the ΛCDM
model as an example. Quantitatively, the data from
Taiji in the Q3nod model can achieve the relative er-
rors ε(Ωm) = 5.1% and ε(h) = 1.0% for ΛCDM, and
ε(w) = 18% for wCDM. As a contrast, the Q3d model
leads to the results ε(Ωm) = 7.7% and ε(h) = 1.8% for
ΛCDM, and ε(w) = 31% for wCDM. For the CPL model,
the Taiji data alone cannot constrain the cosmological
parameters effectively, and so we do not discuss it here.
In the last part of this subsection, we briefly discuss the
comparison of different space-based GW detectors (i.e.
Taiji, LISA, and TianQin). From the results in Ref. [35],
we find that the constraints on cosmological parameters
from Taiji are similar with those from LISA and always
tighter than those from TianQin. The reason is that the
arm length of TianQin is smaller by about one order of
magnitude than that of Taiji or LISA.
6TABLE I. The 1σ errors on the cosmological parameters in the ΛCDM, wCDM, and CPL models, by using the CMB,
CMB+BAO, CBS, Taiji, CMB+Taiji, and CBS+Taiji data. Here, CBS stands for CMB+BAO+SN. The three values in a
cell in the columns of Taiji, CMB+Taiji, and CBS+Taiji represent pop III, Q3d, and Q3nod, respectively, from top to bottom.
model parameter CMB CMB+BAO CBS Taiji CMB+Taiji CBS+Taiji
2.2× 10−2 6.8× 10−3 5.3× 10−3
ΛCDM
σ(Ωm) 8.5× 10−3 6.1× 10−3 6.0× 10−3 2.4× 10−2 7.3× 10−3 5.5× 10−3
1.6× 10−2 6.0× 10−3 4.9× 10−3
9.8× 10−3 4.8× 10−3 3.8× 10−3
σ(h) 6.1× 10−3 4.5× 10−3 4.4× 10−3 1.2× 10−2 5.2× 10−3 4.0× 10−3
7.0× 10−3 4.3× 10−3 3.5× 10−3
2.3× 10−2 8.8× 10−3 5.8× 10−3
wCDM
σ(Ωm) 5.8× 10−2 1.2× 10−2 7.9× 10−3 2.3× 10−2 8.0× 10−3 5.7× 10−3
2.1× 10−2 7.1× 10−3 5.2× 10−3
2.2× 10−2 1.0× 10−2 6.3× 10−3
σ(h) 6.7× 10−2 1.4× 10−2 8.4× 10−3 2.9× 10−2 8.9× 10−3 6.2× 10−3
1.5× 10−2 8.0× 10−3 5.7× 10−3
2.4× 10−1 4.5× 10−2 3.1× 10−2
σ(w) 2.3× 10−1 5.7× 10−2 3.4× 10−2 3.1× 10−1 4.1× 10−2 3.1× 10−2
1.8× 10−1 3.8× 10−2 2.9× 10−2
1.5× 10−1 2.2× 10−2 6.9× 10−3
σ(Ωm) 8.8× 10−2 2.7× 10−2 8.2× 10−3 1.6× 10−1 3.5× 10−2 8.0× 10−3
1.5× 10−1 1.7× 10−2 6.8× 10−3
4.0× 10−2 2.3× 10−2 6.9× 10−3
CPL
σ(h) 9.9× 10−2 2.5× 10−2 8.7× 10−3 4.2× 10−2 3.9× 10−2 8.5× 10−3
3.1× 10−2 1.8× 10−2 6.8× 10−3
6.6× 10−1 3.1× 10−1 8.4× 10−2
σ(w0) 9.9× 10−1 2.9× 10−1 9.1× 10−2 7.2× 10−1 3.6× 10−1 8.8× 10−2
4.7× 10−1 2.3× 10−1 7.9× 10−2
3.2 8.8× 10−1 2.7× 10−1
σ(wa) 3.2 7.7× 10−1 3.3× 10−1 3.3 1.0 3.1× 10−1
2.5 6.3× 10−1 2.5× 10−1
B. Combination with CMB
In this subsection, the simulated standard siren data
will be combined with the CMB data to study its help
in improving the cosmological parameter constraints,
and the results will be compared with those from the
data combination CMB+BAO. The results of the CMB,
CMB+BAO, Taiji, and CMB+Taiji are given in the
third, fourth, sixth, and seventh columns of Table I, re-
spectively.
We show the contours for ΛCDM in Fig. 4, with only
the best case of Taiji (i.e. the Q3nod model). It is ob-
vious that the constraints from Taiji are weaker than
those from CMB for the ΛCDM model. We can see that
the combined CMB+Taiji data can still lead to evident
improvement for the cosmological parameter estimation
even for the ΛCDM model. Concretely, the current CMB
data combined with the simulated Taiji(Q3nod) data give
the relative errors ε(Ωm) = 1.9% and ε(h) = 0.64% for
the ΛCDM model, indicating that the constraints on the
parameters are both improved by about 29% compared
with those using the CMB data alone.
In Fig. 5, we show the constraint results for the wCDM
model. We can see that in this case in the Ωm–H0 plane
the contours from CMB and Taiji are roughly orthog-
onal, and thus the parameter degeneracy generated by
the CMB observation is thoroughly broken by the GW
standard siren observation of Taiji. The GW observation
can provide a rather good measurement for the Hubble
constant H0, and so the parameter degeneracy directions
generated by the GW observation are different from those
by the CMB observation. We know that the CMB data
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FIG. 4. Two-dimensional marginalized contours (68.3%
and 95.4% confidence level) in the Ωm–H0 plane for
the ΛCDM model, by using Taiji(Q3nod), CMB and
CMB+Taiji(Q3nod).
alone cannot tightly constrain the EoS of dark energy,
w, which can be directly seen in Fig. 5. Actually, the
GW observation from Taiji also cannot provide a tight
constraint on w. However, due to the parameter de-
generacies being broken, the combination of the two can
offer a rather tight constraint on w. The combination
of CMB+Taiji(Q3nod) gives the relative constraint er-
rors ε(Ωm) = 2.3%, ε(h) = 1.2%, and ε(w) = 3.8% for
wCDM. We find that, compared to the current CMB
data, the constraints on Ωm, h, and w are improved by
87%, 88%, and 83%, respectively.
For the CPL model, neither the CMB data nor the GW
data alone can provide tight constraints on w0 and wa.
Actually, the CMB data alone can only provide a rather
poor constraint on the EoS of dark energy. However,
due to the degeneracy being broken by the GW data,
the inclusion of the GW standard siren data from Taiji
improve the constraints on w0 and wa by 77% and 80%,
respectively.
The BAO data, as a low-redshift observation, are
often adopted as a complement to combine with the
CMB data to constrain dark energy models. There-
fore, we wish to compare the cases of CMB+BAO and
CMB+Taiji (see Table I). We find that, for the ΛCDM
model, CMB+Taiji(Q3nod) can provide similar con-
straints as CMB+BAO. For the wCDM and CPL mod-
els, CMB+Taiji(Q3nod) can provide better constraints
than CMB+BAO. For example, as shown in Fig. 6,
the 1σ errors on w0 and wa are 0.29 and 0.77, respec-
tively, by CMB+BAO, and 0.23 and 0.63, respectively,
by CMB+Taiji(Q3nod). The results indicate that the
GW standard siren data from Taiji may be an impor-
tant cosmological probe to be combined with CMB in
the future.
C. Combination with CMB+BAO+SN
TABLE II. Standard 1σ errors σ and relative errors ε on the
cosmological parameters in the ΛCDM model in the ideal sce-
nario, using CBS, Taiji, and CBS+Taiji. Here, CBS stands
for CMB+BAO+SN. The three values in a cell in the columns
Taiji and CBS+Taiji represent pop III, Q3d, and Q3nod, re-
spectively, from top to bottom.
Model ΛCDM
Data CBS Taiji CBS+Taiji
1.2× 10−2 4.3× 10−3
σ(Ωm) 6.0× 10−3 1.4× 10−2 4.8× 10−3
8.7× 10−3 3.6× 10−3
5.6× 10−3 3.0× 10−3
σ(h) 4.4× 10−3 7.1× 10−3 3.5× 10−3
4.0× 10−3 2.5× 10−3
3.8× 10−2 1.4× 10−2
ε(Ωm) 1.9× 10−2 4.5× 10−2 1.5× 10−2
2.8× 10−2 1.1× 10−2
8.2× 10−3 4.4× 10−3
ε(h) 6.5× 10−3 1.0× 10−2 5.2× 10−3
5.9× 10−3 3.7× 10−3
We further combine the simulated standard siren data
from Taiji with the CMB+BAO+SN data. We also con-
sider an ideal scenario to investigate the potential of Taiji
in improving the cosmological parameter estimation. The
results are given in Tables I and II. Note that we use CBS
to represent CMB+BAO+SN for convenience in the ta-
bles.
In Table I, we list the constraint results of
the data combinations CMB+BAO+SN, Taiji, and
CMB+BAO+SN+Taiji. The contours for the ΛCDM
and wCDM models are shown in Fig. 7, where the
Taiji(Q3nod) data are used. The CMB+BAO+SN data
can provide almost the best constraints on cosmological
parameters so far, and actually the GW data alone from
Taiji can only provide loose constraints on cosmological
parameters (except for the Hubble constant). But owing
to the fact that the parameter degeneracies can be bro-
ken by the standard sirens, the inclusion of the GW stan-
dard siren data from Taiji can still significantly improve
the cosmological parameter estimation. The combination
CMB+BAO+SN+Taiji(Q3nod) gives the constraint pre-
cisions ε(Ωm) = 1.6% and ε(h) = 0.5% for ΛCDM, and
ε(w) = 2.9% for wCDM. We find that, compared with
the results of CMB+BAO+SN, the constraints on the pa-
rameters Ωm, h, and w are improved by 18%, 20%, and
15%, respectively, by including the Taiji(Q3nod) data.
In fact, the error of luminosity distance is mainly from
the weak-lensing and redshift measurements, especially
at relatively high redshifts. Future optical/near-infrared
surveys, like the Wide Field Infrared Survey Telescope
(WFIRST, http://wfirst.gsfc.nasa.gov/) and the Euclid
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FIG. 6. Two-dimensional marginalized contours (68.3% and
95.4% confidence level) in the w0–wa plane for the CPL
model, by using CMB+BAO and CMB+Taiji(Q3nod).
(http://sci.esa.int/web/euclid), may provide more pre-
cise measurements on the galaxy redshift and weak lens-
ing [56–58]. Meanwhile, it is indicated that the weak-
lensing error can be further reduced [59]. Thus we
consider an ideal scenario to investigate the potential
of Taiji to constrain cosmological parameters, in which
all the redshift errors are assumed to be ignorable and
the weak-lensing error is reduced to 25%. We fore-
cast the cosmological parameter errors for the ΛCDM
model from the Taiji data alone and from the combina-
tion CMB+BAO+SN+Taiji, with the results shown in
Table II. We still choose the Q3nod model as an exam-
ple, as shown in Fig. 8. In the ideal scenario, the errors
of cosmological parameters inferred from Taiji alone are
reduced by about 50% for all the three MBHB models,
compared with the results given in Sec. III A. Therefore,
in the future, Taiji may improve the cosmological pa-
rameter estimation in a more efficient way. Indeed, the
combination of CMB+BAO+SN+Taiji(Q3nod) gives the
constraint precisions ε(Ωm) = 1.1% and ε(h) = 0.37%
for the ΛCDM model, and we find that compared with
the case of CMB+BAO+SN the constraints are improved
by about 40% and 43%, respectively, by including the
Taiji(Q3nod) data.
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FIG. 8. Two-dimensional marginalized contours (68.3%
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CMB+BAO+SN+Taiji(Q3nod). Here, for the standard siren
data of Taiji, an ideal scenario is assumed.
IV. CONCLUSION
In this work, we discuss the capability of Taiji, a
China’s space-based GW detection project, on improv-
ing the cosmological parameter estimation in the future
by using the GW standard siren observation. In the data
simulation of the GW standard sirens for Taiji, we con-
sider three models for MBHB, i.e., pop III, Q3d, and
Q3nod. We consider three typical dark energy cosmo-
logical models as examples to make an analysis, i.e., the
ΛCDM, wCDM, and CPL models.
We find that, among the three MBHB models, the sim-
ulated GW data based on the Q3nod model can pro-
vide the tightest constraints on cosmological parame-
ters. In all the cases, the constraints from Taiji are
similar with those from LISA and always tighter than
those from TianQin. Due to the fact that the stan-
dard sirens from Taiji can be used to break the param-
eter degeneracies generated by the CMB data, the com-
bination of Planck CMB data and Taiji GW data can
provide rather good constraints on dark energy param-
eters. We also find that the constraint capabilities of
CMB+BAO and CMB+Taiji are actually similar, and
thus the Taiji GW data have the comparable capability,
compared with the BAO data, in breaking the parameter
degeneracies generated by the CMB data. In addition,
although the CMB+BAO+SN data can provide rather
tight constraints on cosmological parameters, the inclu-
sion of the Taiji GW data can still make significant im-
provements for the cosmological parameter estimation,
which is shown by considering an ideal scenario in which
it is assumed that the redshift error from future EM ob-
servation can be significantly reduced.
Apart from cosmological parameter estimation, there
are other applications for space-based GW detectors.
The low-frequency GWs can also be employed to test
general relativity using MBHBs [60] and the extreme-
mass-ratio inspirals [61–64], to check inflationary sce-
nario by stochastic background of the primordial GWs
[65–69], and to bridge cosmology with particle physics
in the framework of cosmological first-order phase tran-
sitions [70–74]. In the future, more information in the
low-frequency GWs is expected to be dug out and we
leave this to the future studies.
ACKNOWLEDGMENTS
We are very grateful to Jing-Zhao Qi and Shao-Jiang
Wang for fruitful discussions. This work was sup-
10
ported by the National Natural Science Foundation of
China (Grants Nos. 11975072, 11690021, 11875102, and
11835009), the National Program for Support of Top-
Notch Young Professionals, the Liaoning Revitalization
Talents Program (Grant No. XLYC1905011), and the
Fundamental Research Funds for the Central Universi-
ties (Grant No. N2005030).
[1] Aghanim N, Akrami Y, Ashdown M, et al. [Planck Col-
laboration]. Planck 2018 results. VI. cosmological param-
eters. arXiv:1807.06209 [astro-ph.CO].
[2] Riess AG, Casertano S, Yuan WL, et al. Large Mag-
ellanic Cloud Cepheid standards provide a 1% founda-
tion for the determination of the Hubble constant and
stronger evidence for physics beyond ΛCDM. Astrophys
J 2019;876:85.
[3] Guo RY, Zhang JF, Zhang X. Can the H0 tension be
resolved in extensions to ΛCDM cosmology? J Cosmol
Astropart Phys 2019;02:054.
[4] Schutz BF. Determining the Hubble constant from grav-
itational wave observations. Nature 1986;323:310-1.
[5] Holz DE, Hughes SA. Using gravitational-wave standard
sirens. Astrophys J 2005;629:15-22.
[6] Abbott BP, Abbott R, Abbott TD, et al. [LIGO Sci-
entific and Virgo and 1M2H and Dark Energy Camera
GW-E and DES and DLT40 and Las Cumbres Obser-
vatory and VINROUGE and MASTER Collaborations],
A gravitational-wave standard siren measurement of the
Hubble constant. Nature 2017;551:85-8.
[7] Sathyaprakash BS, Schutz BF, Van Den Broeck C. Cos-
mography with the Einstein Telescope. Class Quant Grav
2010;27:215006.
[8] Zhao W, Van Den Broeck C, Baskaran D, et al. Determi-
nation of dark energy by the Einstein Telescope: Com-
paring with CMB, BAO and SNIa observations. Phys
Rev D 2011;83:023005.
[9] Li TGF. Extracting physics from gravitational waves.
Ph.D. thesis. Vrije University, Amsterdam. 2013.
[10] Cai RG, Yang T. Estimating cosmological parameters by
the simulated data of gravitational waves from the Ein-
stein Telescope. Phys Rev D 2017;95:044024.
[11] Cai RG, Liu TB, Liu XW, et al. Probing cosmic
anisotropy with gravitational waves as standard sirens.
Phys Rev D 2018;97:103005.
[12] Chen HY, Fishbach M, Holz DE. A two per cent Hubble
constant measurement from standard sirens within five
years. Nature 2018;562:545-7.
[13] Feeney SM, Peiris HV, Williamson AR, et al. Prospects
for resolving the Hubble constant tension with standard
sirens. Phys Rev Lett 2019;122:061105.
[14] Wang LF, Zhang XN, Zhang JF, et al. Impacts of
gravitational-wave standard siren observation of the Ein-
stein Telescope on weighing neutrinos in cosmology. Phys
Lett B 2018;782:87-93.
[15] Zhang XN, Wang LF, Zhang JF, et al. Improv-
ing cosmological parameter estimation with the future
gravitational-wave standard siren observation from the
Einstein Telescope. Phys Rev D 2019;99:063510.
[16] Zhang X. Gravitational wave standard sirens and cosmo-
logical parameter measurement. Sci China Phys Mech
Astron 2019;62:110431.
[17] Zhang JF, Dong HY, Qi JZ, et al. Prospect for constrain-
ing holographic dark energy with gravitational wave stan-
dard sirens from the Einstein Telescope. Eur Phys J C
2020;80:217.
[18] Zhang JF, Zhang M, Jin SJ, et al. Cosmological param-
eter estimation with future gravitational wave standard
siren observation from the Einstein Telescope. J Cosmol
Astropart Phys 2019;09:068.
[19] Jin SJ, He DZ, Xu Y, et al. Forecast for cosmological
parameter estimation with gravitational-wave standard
siren observation from the Cosmic Explorer. J Cosmol
Astropart Phys 2020;03:051.
[20] Tamanini N, Caprini C, Barausse E, et al. Science with
the space-based interferometer eLISA. III: Probing the
expansion of the Universe using gravitational wave stan-
dard sirens. J Cosmol Astropart Phys 2016;04:002.
[21] Amaro-Seoane P, Audley H, Babak S, et al. [LISA
Collaboration]. Laser Interferometer Space Antenna.
arXiv:1702.00786 [astro-ph.IM].
[22] Wu YL. Hyperunified field theory and Taiji program in
space for GWD. Int J Mod Phys A 2018;33:1844014.
[23] Hu WR, Wu YL. The Taiji Program in space for gravi-
tational wave physics and the nature of gravity. Natl Sci
Rev 2017;4:685.
[24] Ruan WH, Liu C, Guo ZK, et al. The LISA-Taiji network.
Nat Astron 2020;4:108-9.
[25] Wang G, Ni WT. Numerical simulation of time delay
interferometry for TAIJI and new LISA. Res Astron As-
trophys 2019;19:058.
[26] Guo ZK, Cai RG, Zhang YZ. Taiji Program:
Gravitational-wave sources. arXiv:1807.09495 [gr-qc].
[27] Wu B, Huang CG, Qiao CF. Analytical analysis on the
orbits of Taiji spacecrafts. Phys Rev D 2019;100:122001.
[28] Mei JW, Shao CG, Wang Y. Fundamentals of the Tian-
Qin mission. Proceedings, 12th International Conference
on Gravitation, Astrophysics and Cosmology (ICGAC-
12) 2016;360-1.
[29] Luo J, Chen LS, Duan HZ, et al. [TianQin Collabora-
tion]. TianQin: A space-borne gravitational wave detec-
tor. Class Quant Grav 2016;33:035010.
[30] Hu XQ, Li XH, Wang Y, et al. Fundamentals of the
orbit and response for TianQin. Class Quant Grav
2018;35:095008.
[31] Feng WF, Wang HT, Hu XC, et al. Preliminary
study on parameter estimation accuracy of supermas-
sive black hole binary inspirals for TianQin. Phys Rev
D 2019;99:123002.
[32] Wang HT, Jiang Z, Sesana A, et al. Science with Tian-
Qin: Preliminary results on massive black hole binaries.
Phys Rev D 2019;100:043003.
[33] Shi C, Bao J, Wang H, et al. Science with TianQin: Pre-
liminary results on testing the no-hair theorem with ring-
down signals. Phys Rev D 2019;100:044036.
[34] Belgacem E, Calcagni G, Crisostomi M, et al. [LISA Cos-
mology Working Group]. Testing modified gravity at cos-
mological distances with LISA standard sirens. J Cosmol
Astropart Phys 2019;07:024.
11
[35] Wang LF, Zhao ZW, Zhang JF, et al. A prelim-
inary forecast for cosmological parameter estimation
with gravitational-wave standard sirens from TianQin.
arXiv:1907.01838 [astro-ph.CO].
[36] Cutler C. Angular resolution of the LISA gravitational
wave detector. Phys Rev D 1998;57:7089-102.
[37] Sathyaprakash BS, Schutz BF. Physics, astrophysics and
cosmology with gravitational waves. Living Rev Rel
2009;12:2.
[38] Kro´lak A, Kokkotas KD, Scha¨efer G. On estimation of
the post-Newtonian parameters in the gravitational-wave
emission of a coalescing binary. Phys Rev D 1995;52:2089-
111.
[39] Buonanno A, Iyer B, Ochsner E, et al. Comparison
of post-Newtonian templates for compact binary inspi-
ral signals in gravitational-wave detectors. Phys Rev D
2009;80:084043.
[40] Klein A, Barausse E, Sesana A, et al. Science with the
space-based interferometer eLISA: Supermassive black
hole binaries. Phys Rev D 2016;93:024003.
[41] Tamanini N. Late time cosmology with LISA: Prob-
ing the cosmic expansion with massive black hole bi-
nary mergers as standard sirens. J Phys Conf Ser
2017;840:012029.
[42] Zhao W, Wen LQ. Localization accuracy of compact
binary coalescences detected by the third-generation
gravitational-wave detectors and implication for cosmol-
ogy. Phys Rev D 2018;97:064031.
[43] Zhao W, Santos L. Model-independent measurement of
the absolute magnitude of Type Ia supernovae with
gravitational-wave sources. J Cosmol Astropart Phys
2019;11:009.
[44] Zhao W, Wright BS, Li BJ. Constraining the time vari-
ation of Newton’s constant G with gravitational-wave
standard sirens and supernovae. J Cosmol Astropart
Phys 2018;10:052.
[45] Kocsis B, Frei Z, Haiman Z, et al. Finding the electro-
magnetic counterparts of cosmological standard sirens.
Astrophys J 2006;637:27-37.
[46] Ilbert O, McCracken HJ, Le Fe`vre O, et al. Mass assem-
bly in quiescent and star-forming galaxies since z=4 from
UltraVISTA. Astron Astrophys 2013;556:A55.
[47] Daviesa R, Ageorgesa N, Barl L, et al. [MICADO Team].
MICADO: The E-ELT adaptive optics imaging camera.
Proc SPIE Int Soc Opt Eng 2010;7735:2A.
[48] Lewis A, Bridle S. Cosmological parameters from CMB
and other data: A Monte Carlo approach. Phys Rev D
2002;66:103511.
[49] Chevallier M, Polarski D. Accelerating universes with
scaling dark matter. Int J Mod Phys D 2001;10:213-24.
[50] Linder EV. Exploring the expansion history of the uni-
verse. Phys Rev Lett 2003;90:091301.
[51] Chen L, Huang QG, Wang K. Distance priors
from Planck final release. J Cosmol Astropart Phys
2019;02:028.
[52] Beutler F, Blake C, Colless M, et al. The 6dF Galaxy Sur-
vey: Baryon Acoustic Oscillations and the local Hubble
constant. Mon Not Roy Astron Soc 2011;416:3017-32.
[53] Ross AJ, Samushia L, Howlett C, et al. The clustering
of the SDSS DR7 main Galaxy sample C I. A 4 per cent
distance measure at z = 0.15 Mon Not Roy Astron Soc
2015;449:835-47.
[54] Alam S, Ata M, Bailey S, et al. [BOSS Collaboration].
The clustering of galaxies in the completed SDSS-III
Baryon Oscillation Spectroscopic Survey: Cosmological
analysis of the DR12 galaxy sample. Mon Not Roy As-
tron Soc 2017;470:2617-52.
[55] Scolnic DM, Jones DO, Rest A, et al. The complete light-
curve sample of spectroscopically confirmed SNe Ia from
Pan-STARRS1 and cosmological constraints from the
combined Pantheon sample. Astrophys J 2018;859:101.
[56] Hemmati S, Capak P, Masters D, et al. Photometric red-
shift calibration requirements for WFIRST weak-lensing
cosmology: Predictions from CANDELS. Astrophys J
2019;877:117.
[57] O. Dore´, Hirata C, Wang Y, et al. WFIRST: The essen-
tial cosmology space observatory for the coming decade.
arXiv:1904.01174 [astro-ph.CO].
[58] Chary R, Brammer G, Capak P, et al. Joint survey
processing of LSST, Euclid and WFIRST: Enabling a
broad array of astrophysics and cosmology through pixel
level combinations of datasets. arXiv:1910.01259 [astro-
ph.GA].
[59] Hilbert S, Gair JR, King LJ. Reducing distance errors
for standard candles and standard sirens with weak-
lensing shear and flexion maps. Mon Not Roy Astron
Soc 2011;412:1023-37.
[60] Niu R, Zhao W. Constraining the non-Einsteinian polar-
izations of gravitational waves by pulsar timing array. Sci
China Phys Mech Astron 2019;62:970411.
[61] Scharre PD, Will CM. Testing scalar tensor gravity us-
ing space gravitational wave interferometers. Phys Rev
D 2002;65:042002.
[62] Will CM, Yunes N. Testing alternative theories of gravity
using LISA. Class Quant Grav 2004;21:4367.
[63] Barack L, Cutler C. Using LISA EMRI sources to test off-
Kerr deviations in the geometry of massive black holes.
Phys Rev D 2007;75:042003.
[64] Niu R, Zhang X, Liu T, et al. Constraining screened mod-
ified gravity by space-borne gravitational-wave detectors.
Astrophys J 2019;890:163.
[65] Zhou SY, Copeland EJ, Easther R, et al. Gravitational
waves from oscillon preheating. J High Energy Phys
2013;10:026.
[66] Antusch S, Cefala` F, Orani S. Gravitational waves from
oscillons after inflation. Phys Rev Lett 2017;118:011303.
Erratum: [Phys Rev Lett 2018;120:219901].
[67] Bartolo N, Caprini C, Domcke V, et al. Science with
the space-based interferometer LISA. IV: Probing infla-
tion with gravitational waves. J Cosmol Astropart Phys
2016;12:026.
[68] Liu J, Guo ZK, Cai RG, et al. Gravitational waves
from oscillons with cuspy potentials. Phys Rev Lett
2018;120:031301.
[69] Liu J, Guo ZK, Cai RG, et al. Gravitational wave pro-
duction after inflation with cuspy potentials. Phys Rev
D 2019;99:103506.
[70] Apreda R, Maggiore M, Nicolis A, et al. Supersymmetric
phase transitions and gravitational waves at LISA. Class
Quant Grav 2001;18:L155-62.
[71] Caprini C, Hindmarsh M, Huber S, et al. Science with
the space-based interferometer eLISA. II: Gravitational
waves from cosmological phase transitions. J Cosmol As-
tropart Phys 2016;04:001.
[72] Huang FP, Wan Y, Wang DG, et al. Hearing the echoes
of electroweak baryogenesis with gravitational wave de-
tectors. Phys Rev D 2016;94:041702.
[73] Cai RG, Sasaki M, Wang SJ. The gravitational waves
12
from the first-order phase transition with a dimension-
six operator. J Cosmol Astropart Phys 2017;08:004.
[74] Imtiaz B, Wan Y, Cai YF. Two-field cosmological phase
transitions and gravitational waves in the singlet Ma-
joron model. Eur Phys J C 2019;79:25.
